E
xcessive knee joint loading has been shown to contribute to progression of knee osteoarthritis (OA). 1 Knee joint loading during walking may be estimated by the external knee adduction moment, 2-4 which provides a valid, indirect measure of the magnitude of dynamic load on the medial compartment. 3, [5] [6] [7] Higher knee adduction moments have been reported in people with medial knee OA compared with participants without knee OA matched for age, sex, height, and weight. 8 -11 The knee adduction moment has been shown to relate to radiographic disease severity, 4,6,10 -12 varus alignment, 1, 6, 8, 13 and knee pain. 1, 8, 14, 15 It has been suggested that gait strategies and interventions focused on decreasing the knee adduction moment during gait may be effective for reducing load through the medial compartment. 16 Increased toe-out angle 8, [17] [18] [19] and trunk lean toward the stance limb 20 are 2 gait strategies adopted by individuals with knee OA that have been shown to reduce the knee adduction moment.
The hip abductor muscles also may influence knee joint loading through their control of the pelvis in the frontal plane. 11, 21 Researchers have proposed that during the single-limb stance phase of gait, weakness of the stance-limb hip abductor muscles may lead to drop of the pelvis toward the contralateral limb, shifting the body's center of mass away from the stance limb toward the swing side. 11, 21 These adjustments, theoretically, could lead to higher knee adduction moments and greater medial knee joint loading. Thus, increasing the strength (force-generating capacity) of the hip abductor muscles and controlling the pelvis in the frontal plane might reduce joint loading and have a disease-modifying effect. 11, 21 To our knowledge, an investigation of strengthening exercises targeting the hip abductor muscles as an intervention to reduce knee joint loading in people with knee OA has not been performed. Thus, the purpose of our study was to examine the influence of an 8-week home strengthening program for the hip abductor muscles on hip strength and the knee adduction moment in people with medial compartment knee OA. Given the functional importance of the hip abductor muscles, secondary objectives were to determine whether hip abductor strengthening would improve physical function and knee symptoms in this sample of people with knee OA. We hypothesized that, following the exercise program, participants with medial knee OA would demonstrate greater strength of the hip abductor muscles, a reduction in the knee adduction moment during gait, and improved physical functioning and decreased knee pain compared with a matched group of asymptomatic participants.
Method Design Overview
The design of the study was a nonequivalent, pretest-posttest, control group design. A design incorporating participants with knee OA and a control group of individuals who were healthy was selected because few studies have compared the strength of the hip abductor muscles between these groups.
Setting and Participants
All testing was conducted in the Motor Performance Laboratory at Queen's University, Kingston, Ontario, Canada, with the exception of knee radiographs, which were completed in the Radiology Department at Kingston General Hospital. Testing sessions lasted approximately 2 to 2.5 hours. All individuals gave informed consent before participating.
Forty individuals with medial knee OA were recruited through newspaper advertisements and from the practices of orthopedic surgeons in Kingston, Ontario. Potential participants were included in the study if they met all of the following criteria 22, 23 : age greater than 40 years, self-reported knee pain for most days of the month, physician diagnosis of knee OA, and radiographic evidence of medial compartment knee OA or evidence of cartilage loss in the medial compartment by arthroscopy or magnetic resonance imaging. For those participants with bilateral medial compartment OA, the more affected side (as identified by radiographic OA grade and symptoms) was selected as the test leg.
Participants were excluded if they had any of the following: intraarticular corticosteroid or viscosupplementation injection into either knee within the previous 3 months, significant comorbidities, or a history of other medical conditions affecting the knee joint. 24 Individuals with known hip OA, previous trauma affecting one or both hips, or previous replacement of any joint in the lower extremities also were excluded from the study. Finally, those who were receiving rehabilitation services for knee OA or performing a hip strengthening program at the time of testing were not eligible to participate.
Participants with knee OA were matched by age (Ϯ5 years) and sex with a control group of individuals with no clinical diagnosis of knee OA, hip OA, or rheumatoid arthritis and no reports of hip or knee pain or previous trauma. Participants in the control group were recruited through newspaper advertisements and posters displayed in senior centers in the Kingston area.
An estimate of sample size was obtained from 2 calculations (2-tailed test, powerϭ80%, and significance levelϭ.05) and 10% loss to attrition. All of the following values are mean (ϮSD). A within-group calculation used data from tests of isometric hip abductor strength before and after an exercise program (mean differenceϭ16.42%Ϯ22.82%) in individuals with OA and lower-extremity functional impairment. 25 A betweengroup calculation also was computed using knee adduction moment data from a group of older adults with knee OA (0.25Ϯ0.06 N·m/kg) and a matched, asymptomatic group (0.33Ϯ0.06 N·m/kg). 26 Based on these 2 power calculations, at least 35 participants per group were needed for the study.
Intervention
All participants with knee OA were taught a home strengthening program for the hip abductor muscles by a physical therapist (E.A.S.). An exercise instruction booklet and graded resistance elastic bands were supplied to the participants. Individuals were instructed in the following program: side-lying resistive exercises for the hip abductor muscles, progressing to using resistance bands positioned around the distal thighs; standing single-leg stabilization exercises, progressing to standing hip abduction using resistance bands placed just proximal to the ankles; and single-leg standing exercise off the side of a 10-cm step (beginning with the free limb lower than the level of the step, participants contracted the stance-limb hip abductor muscles and raised the free leg to step level while keeping the stance knee extended). Participants were instructed to perform the exercise program 3 to 4 times per week for 8 weeks, completing one set of each exercise to fatigue. All exercises were performed for both legs. Progression to greater resistance levels occurred when participants could perform the exercise without fatigue for 20 repetitions.
Participants completed weekly exercise calendars in which they recorded the frequency and resistance levels of the exercises. Over the 8-week period, the physical therapist arranged 2 follow-up visits with each participant in the laboratory or the participant's home to ensure that he or she was performing the exercises correctly and to progress resistance levels. The therapist provided telephone follow-up support every 2 weeks, and participants were encouraged to call with any questions or concerns. Participants in the control group were instructed to continue their daily activities and refrain from beginning any new exercise program over the 8-week period.
Outcomes and Follow-up Knee alignment and OA grading. In situations where participants had recent weight-bearing knee radiographs (within 6 months of the testing date), permission was requested to obtain digital images of these radiographs. For all other participants, bilateral knee radiographs in weightbearing anterior-posterior views were obtained on the initial visit, according to the hospital's standardized protocol. Digital images of the radiographs were received from the Radiology Department on anonymous compact discs with only the subject code to identify the participant.
Frontal-plane knee alignment was measured from the digital images by means of a computer software program (Horizon Image Viewer, version 1.5*), which incorporates electronic tools to define femoral and tibial bone landmarks on the digital images. 27 
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measurements. As the images were of the knee joint only and not fulllimb radiographs, an estimate of mechanical axis alignment (depicted as the hip-knee-ankle [HKA] angle) was obtained from the angle formed by the intersection of femoral and tibial anatomic (shaft) axes. 29, 30 The femoral mechanical axis was shown to be offset from the femoral anatomic axis by 4 to 5 degrees. 29, 31, 32 Thus, an estimate of mechanical axis alignment was derived by subtracting 5 degrees from the anatomic axis angle. Offset-corrected anatomic axis measurement from knee radiographs is considered a valid, cost-effective alternative to alignment measures from full-limb radiography. [31] [32] [33] Radiographs were graded for disease severity using the Kellgren-Lawrence scale 34, 35 by investigators (E.A.S. and T.D.V.C) who were experienced in reading knee radiographs. Disease severity was graded as follows: 0ϭno radiographic OA findings, 1ϭques-tionable (doubtful joint space narrowing, possible osteophyte lipping), 2ϭmild (definite osteophytes, possible joint space narrowing), 3ϭmoderate (multiple moderate osteophytes, definite joint space narrowing, some bony sclerosis, possible deformity of bone ends), and 4ϭsevere (large osteophytes, marked joint space narrowing, severe bony sclerosis, definite deformity of bone ends). 35, 36 Gait analysis. Testing in the Motor Performance Laboratory began with an evaluation of the participants' level walking on an 8-m-long walkway (E.A.S. and L.K.). Threedimensional kinematic data (sampled at 100 Hz) were collected using 2 Optotrak 3020 optoelectronic motion tracking cameras † placed on either side of the walkway. Two AMTI forceplates ‡ embedded in the center of the walkway collected ground reaction force data at a sampling frequency of 200 Hz.
Participants dressed in shorts and a loose-fitting shirt and the same pair of walking shoes was worn at both sessions. Rigid clusters containing infrared light-emitting diodes (IREDs) were positioned on the dorsum of the foot (over the metatarsal area), lateral shank, lateral thigh, and sacrum to track movements of the limbs. 37 The clusters were secured with Velcro straps § to avoid movement of the IRED markers during the walking trials. Participants walked at their self-selected normal gait speed, and 5 good walking trials were obtained. Trials were considered successful if participants landed with one foot on each forceplate and all IREDs were visible by the cameras. Raw motion and forceplate data were filtered with a dual-pass Butterworth low-pass filter at a cutoff frequency of 6 Hz.
Following the gait trials, participants stood in view of the cameras, and a series of reference trials were captured using a pointed probe fitted with 4 IRED markers. The tip of the probe was placed on specific bone landmarks to identify the location of the landmarks in relation to the clusters and to approximate joint centers. Ankle and knee joint centers were calculated as midpoints between the malleoli and femoral epicondyles, respectively. The hip joint center was calculated as a point located at 25% of the distance between the 2 greater trochanter landmarks to the left or right, depending on the test limb. 38 Using an inverse dynamics approach, a visual 3-dimensional (3-D) motion analysis software program incorporated forceplate and Optotrak motion data, landmarking reference trials, and anthropometric parameters in order to calculate knee moments during the stance phase.
Net external knee adduction moment data from the 5 walking trials were exported from the visual 3-D motion analysis software program to a Microsoft Excel (Microsoft Office 3000 # ) worksheet. The stance phase of the test leg was divided into 100 points representing 100% of stance, and an average moment waveform was obtained for each participant. Peak knee adduction moment values in the first 50% of the stance phase were selected as the highest peak that was preceded by at least 5 continuously ascending values and followed by at least 5 continuously descending values. 20 Peak moments were normalized to body weight and height (expressed as %BWϫHt) to allow for comparison between participants.
During the 2 testing sessions, gait speed was controlled by verifying that each participant's gait speed on final testing was within Ϯ15% of their initial (baseline) gait speed. This step was to control for gait speed as a potential confounding factor that could influence the knee adduction moment 10 in addition to the intervention. For 2 participants only, it was necessary to repeat final walking trials at a faster or slower speed to match their initial gait speed.
Measurement of hip muscle strength.
Isokinetic concentric strength of the hip abductor muscles was measured in a standing position using the Biodex System 3 isoki-netic dynamometer,** following hip strength testing protocols in the literature. 39, 40 High test-retest intraclass correlation coefficients of .96 have been reported for standing isokinetic concentric tests of hip abduction. 39 Participants stood with their posterior trunk supported by a pillow placed against the back of the dynamometer chair. The trunk and pelvis were stabilized using Velcro straps. The axis of rotation of the dynamometer was aligned with the participant's anterior superior iliac spine, and the dynamometer pad was secured snugly with a Velcro strap around the lower thigh just proximal to the knee. Hip abduction range of motion was set from 0 degrees to approximately 30 degrees, and concentric hip abductor muscle strength was measured at an angular velocity of 60°/s.
Participants completed a practice set of 3 submaximal concentric hip abduction repetitions prior to each test to ensure familiarization with the test procedures. This practice set was followed by 5 consecutive repetitions of maximal concentric hip abduction, with verbal encouragement provided to facilitate maximum effort. Data were sampled at 100 Hz. The data from the first repetitions were omitted, and the last 4 of 5 peak torque values from each test were averaged to obtain mean peak hip abductor torques. 41 Data processing was performed using a MATLAB software program, † † which filtered the torque data with a 6-Hz low-pass filter (Butterworth, sixth order). Mean peak torque values were normalized to body weight (expressed as newton-meters per kilogram) for comparisons between groups.
Assessment of knee symptoms, physical function, and activity level. Knee symptoms and perceived disability experienced due to OA were assessed with the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), a disease-specific, self-administered questionnaire given in a Likert scale format. 42 The reliability, validity, and responsiveness of WOMAC scores have been well established in individuals with knee OA. 42, 43 The WOMAC consists of 24 questions, probing the dimensions of pain (5 questions), joint stiffness (2 questions), and physical functioning (17 questions). A standard scoring system was used in which responses for each subscale were rated from 0 to 4, with 4 representing extreme pain, stiffness, or difficulty functioning. Scores then were summed to produce a total score for each of the 3 subscales. 42 The Five-Times-Sit-to-Stand Test (FTSST) was used as a clinical measure of lower-extremity physical function. 44 This test measures the time required to rise from a chair and sit down for 5 repetitions. Test-retest reliability of FTSST measurements has been established in communitydwelling older adults, [45] [46] [47] and the correlation of FTSST scores with walking performance, lowerextremity muscle strength, and selfreported physical functioning provides evidence for the validity of the test. 45, 48 Participants sat on an armless chair (43-cm height, 47.5-cm depth) with their arms across their chest and their back resting against the chair initially. They were instructed to stand up fully on each repetition and not to touch the back of the chair during the sitting phase of the repetitions. 49 The test was finished when participants returned to sitting after the fifth stand.
Participants also completed the Physical Activity Scale for the Elderly (PASE), a self-report measure designed to assess occupational, household, and leisure activities performed by older adults. 50 Construct and convergent validity of the PASE have been established in communitydwelling older adults with knee pain and physical disability. 51 Physical Activity Scale for the Elderly scores have demonstrated good test-retest reliability (rϭ.75) in 254 communitydwelling older adults. 50 Respondents were asked to record the frequency for 12 types of activities over the previous week. A total PASE score for each participant was computed by multiplying weighted values for each activity with the activity frequency per week and then summing the products for all 12 activities. 52 Higher PASE scores indicate greater levels of physical activity. 52 At the end of the 8 weeks, both groups returned to the laboratory for a repeat of the gait and strength measures and questionnaire completion.
Data Analysis
Independent t tests were used to assess for significant baseline differences in demographic and clinical characteristics between the OA and control groups. Repeated-measures analysis of variance calculations determined the main effects and interactions of group and time for all outcome measures. Statistical analysis was performed using SPSS software (version 15.0.1), ‡ ‡ and the significance level was set at PϽ.05.
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Results
Forty participants with knee OA (mean ageϭ62.98Ϯ9.73 years; 23 women and 17 men) and 40 matched control participants (mean ageϭ64.13Ϯ9.04 years; 23 women and 17 men) completed the study. An additional 5 participants with knee OA completed the initial testing only, 3 participants had to discontinue their participation because of death or illness in the family, and 2 participants did not want to continue after the initial testing session. Thirty-three of the OA group participants had bilateral medial compartment knee OA.
Baseline demographic and clinical characteristics for the 40 participants in each group who completed the study are displayed in Table 1 . The OA group had higher values for weight and body mass index (BMI), demonstrated greater varus alignment, and walked at a slower gait speed compared to the control group (PϽ.05). The median Kellgren-Lawrence grade of disease severity for the OA group was 2, indicating an overall mild level of severity. Paired t tests confirmed that gait speed within subjects had been controlled for, as there were no significant differences in gait speed between initial and final testing in either group (PϾ.05).
At baseline, the OA group demonstrated weakness of the hip abductor muscles compared with the control group (Pϭ.03). Improvement in hip abductor strength occurred over time in both groups, but the significant interaction effect indicated a The OA group had higher peak knee adduction moments than the control group (main effect of group; Fϭ8.02, Pϭ.006), but there was no significant change in the peak knee adduction moment over time and no interaction effect (Tab. 2, Fig. 1 ).
Analysis of physical function measures revealed that the OA group performed the FTSST more slowly than the control group (main effect of group; Fϭ12.34, Pϭ.001). Although an improvement in sit-tostand time was observed for both groups over time, the improvement in the OA group was significantly greater (Fϭ5.55, Pϭ.021) (Tab. 2). From the evaluation of the PASE scores, the OA group demonstrated higher total scores for physical activity compared with the control group (main effect of group; Fϭ9.06, Pϭ.004). There were no significant changes in physical activity level over time for either group (Tab. 2).
All WOMAC measures were significantly higher in the OA group compared with the control group (PϽ.05). Neither group demonstrated any change in WOMAC stiffness or physical function scores over time. The WOMAC pain scores showed a significant interaction effect, with the OA group reporting decreased knee pain over time compared with the control group (Pϭ.03) (Tab. 3).
Adherence to the exercise program was assessed by means of the selfcompleted, weekly calendars. Participants were considered adherent if they performed at least 75% of the prescribed exercises over the 8-week period. According to this criterion, 31 of the 40 participants with OA (78%) were adherent. When only the 31 adherent participants and their matched controls were included in the statistical analyses, the same results were obtained as with 40 participants. Therefore, the results are presented for all participants.
Discussion
The primary findings of the current study were that an 8-week, home strengthening program targeting the hip abductor muscles resulted in increased hip abductor strength but had no effect on reducing the knee adduction moment during gait in people with medial knee OA. Hip abductor strengthening led to an improvement in functional performance on the sit-to-stand test and reduced knee pain in the sample with knee OA.
Figure.
Average knee adduction moment waveforms for the osteoarthritis and control groups across the stance phase of the gait cycle on both initial and final testing. The waveforms were obtained by averaging across participants at each percent of stance, such that data were normalized across time to 100% of the stance phase. %BWϫHt ϭ percentage of body weight ϫ height. Both initial and final mean peak moments were higher for the osteoarthritis group than for the control group. 
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Baseline isokinetic hip abductor strength measurements revealed that the OA group was weaker compared with the control group. This hip muscle weakness was present despite the fact that the OA group was more physically active than the control group, as indicated by the PASE scores. Only one other study was identified that compared isometric hip abductor strength in women with and without knee OA, and there were no differences between the 2 groups. 53 Following the exercise intervention, our sample of participants with knee OA demonstrated significant improvement in hip abductor strength. Few other studies have incorporated hip strengthening as part of exercise programs for people with knee OA or included hip muscle strength as an outcome measure in this population. McGibbon et al 25 measured seated isometric hip abductor strength using a handheld dynamometer in 15 older individuals with lower-extremity impairment (not isolated to knee OA) who had been randomly assigned to receive either a 6-week lower-extremity strengthening or functional training intervention. Both groups demonstrated significant improvements in hip abductor strength following the interventions.
Gait analysis revealed that peak knee adduction moments in the first 50% of the stance phase were higher in our sample of participants with knee OA compared with the control group. These results are consistent with other reported findings. 1,2,4,6,10 Higher BMI and greater varus alignment could have contributed to the higher knee adduction moments in the OA group. However, there were no changes in peak knee adduction moment in either group over time. Thus, strengthening the hip abductor muscles did not influence the knee adduction moment in our participants with medial knee OA, indicating that hip abductor strengthening may not be an effective strategy for decreasing medial compartment forces and progression of joint disease.
Other studies have failed to demonstrate a change in the knee adduction moment during gait following lower-extremity strengthening. 54 -56 In an 8-week pilot study 56 of 13 people with early knee OA who participated in a lower-extremity strengthening and functional exercise program, peak knee adduction moments during gait were not significantly reduced at the completion of the program but were significantly lower during single-leg raise. The authors suggested that peak knee adduction moments during the more demanding task of single-leg raise may be more sensitive to change than peak moments during gait. 56 Similarly, a 12-week, high-intensity, isokinetic resistance training program for the knee extensor and flexor muscles had no effect on the peak knee adduction moment during gait in 14 people with medial knee OA. 54 Lim et al 55 performed a 12-week randomized controlled trial of 107 people with medial knee OA in which participants were stratified into 2 groups according to varus malalignment or neutral alignment. The participants in each group then were randomly assigned to receive a supervised, home-based quadriceps muscle strengthening program or to receive no intervention. The results of the study showed no significant change in the knee adduction moment in the groups with more varus malalignment or neutral alignment following the exercise program. 55 The WOMAC pain scores revealed reduced knee pain over time in the OA group compared with the control group. However, the change of 0.77 for the WOMAC pain scores may not be clinically meaningful. The lack of a more definite reduction in symptoms over the 8-week intervention period may have been related to the relatively low scores for knee pain, stiffness, and function that characterized our sample at baseline.
Although functional performance on the FTSST was decreased in our participants with knee OA compared with the control group, the OA group demonstrated significant improvement (18%) in time to complete the test following the exercise intervention. The FTSST has been shown to relate to lower-extremity muscle strength, particularly quadriceps muscle strength, and balance control. 45, 57 One limitation of our study was that strength of the knee muscles was not assessed before and after the intervention. The weightbearing exercises performed as part of the hip strengthening program likely produced co-contraction of other lower-extremity and trunk muscles. Thus, it is possible that improvements in functional performance on the sit-to-stand test and the decrease in knee pain may have been more closely correlated with knee muscle strength gains than improvements in hip abductor strength.
The design of the study was another limitation. The inclusion of a control group of individuals with knee OA in a randomized controlled trial would have strengthened the study. However, a control group of older adults who were healthy was selected due to the lack of available literature comparing hip abductor strength between those with and without knee OA. In addition, gait strategies that may have affected the knee adduction moment, including lateral trunk lean, were not evaluated for change over time in this study. Hip abductor strengthening may have increased trunk stability, thus decreasing lateral trunk lean toward the stance limb, increasing the lever arm magnitude at the knee, and potentially
nullifying a reduction in the knee adduction moment that might have occurred as a result of the exercise program. Recruitment of participants through newspaper advertising also may have introduced bias toward those individuals in the population who were wealthier and more highly educated. Finally, our participants with knee OA were highly active in recreational, household, and occupational activities, as shown by the PASE scores. Therefore, the results from this study may not be generalized to the average population of people with OA.
Our results suggest the need for further studies to investigate the effects of hip abductor strengthening on lower-extremity function and knee symptoms in people with medial knee OA. Randomized controlled trials with larger cohorts are recommended. Furthermore, accumulating evidence suggests that the local mechanical environment, including OA disease severity, lower-limb alignment, and varus-valgus knee laxity, may influence response to exercise interventions in people with knee OA. 55, 58, 59 Stratification according to biomechanical factors would provide insight as to whether hip abductor strengthening is more effective in subgroups of people with knee OA. Future studies of hip abductor strengthening in those with knee OA also should incorporate measures of knee muscle strength and lateral trunk lean during gait to better elucidate relationships between factors and to clarify the biomechanical and functional benefits of this intervention.
In summary, an 8-week strengthening program for the hip abductor muscles resulted in increased hip muscle strength, reduced knee pain, and improved functional performance on a sit-to-stand task in 40 participants with medial knee OA compared with a control group without knee OA. 
